Abstract-Abstract: For logistics centers the disposition and dispatch of goods has reached a high standard of automation. However, the trucks and trailers bringing and taking the goods are driven manually. This can at least be improved for the non-public traffic in the scope of logistics centers by autonomous forward and backward motion control for standard transportation vehicles.
I. Introduction
The control theory distinguishes between different classes of vehicles with respect to their kinematics. The most easy class of vehicles is called holonomic and allows any change of direction. In contrast nonholonomic vehicles have a limited freedom of motion. This is already given for a single truck, also called standard 1-trailer [1] . The freedom of motion for standard n-trailers which are composed of a truck and n − 1 one-axle trailers, are described by chain-form differential equations and are investigated with regard to their controllability (see e.g. [2] , [3] , [4] ). However, their approach is based on the geometric condition that the coupling device between truck and trailer is exactly above the backward axis of the truck. In contrast, for standard transportation vehicles, as for truck and trailer or as for semitrailers, there is a distance between these two positions. This is expressed with the notation of a general ntrailer [5] leading to a control problem which is even more challenging.
A possible context of application may be found with logistcs centers. In these centers there already exists a high degree of automation with respect to disposition and dispatching of goods inside the building. However, outside in the yard truck and trailer are still driven manually to and from charging and discharging ramps.
The automation of the non-public traffic of a logistics center relies on motion control for standard transportation vehicles. In spite of a deeply investigated theoretic background there are only a few practical results for maneuvering realistic trucks and trailers available at the time (see [6] , [7] , and [8] ). No steps so far have been done towards the integration of those maneuvering capabilities into the automation of transportation processes carried out by standard vehicles. This paper does a decisive step towards this direction by the development of cover segments to allow safe motion planning.
The approach presented in the sequel is based on the capabilities of the practical results cited above in that truck and trailer follow some imaginary trajectory. Typically there is a difference between the perceived positions of the vehicle and the desired ones. Additionally there is a latency between the perceived input and the control output. One of these outputs is an emergency halt which should take effect before any unacceptable situation is reached. In general there exists the necessity for a predefined anticipation of all possible movements of the vehicle.
From the application oriented point of view (e.g. the autonomous maneuvering of trucks and trailers for charging and discharging purposed on the yard of some logistics center) a dispatch instruction initiates an automatic transportation operation which in more detail consists of: 1: the computation of a trajectory between different positions of the vehicle augmented by estimating the surrounding space for the execution of the maneuver with the constraints not to leave the yard and not to collide with any obstacle, 2: the execution of the control algorithm for the vehicle to follow the trajectory inside some predefined corridor, 3: the observation of the vehicles' movements with the objective not to leave the predefined corridor, otherwise executing an emergency halt.
The fundamental question to be answered here is that of the precomputation of the surrounding space (part of 1) which is necessary and sufficient during the execution of the maneuver to cover the entire vehicle (2 and 3). In detail (1) can be split into: 1.a: computation of a feasible trajectory 1.b: computation of the cover segements for the trajectory 1.c: testing for conflict of the cover segments with the environment
In the scope of a logistics center the feasible trajectory (1.a) is a sequence of straight lines and curves always running to and from a ramp. The mathematical background of these curves has been discussed in several papers (see [9] , [7] and, [10] ). An experimental system, a model-truck with one axle trailer at a scale of 1:16, operates autonomously and at a high degree of precision (see figure 1) . However, the sceneraio investigated so far did not consider the shape of the moving vehicle which is in danger to collide with the bounderies of the yard of the logistics centeror has to bypass static or dynamic obstacles. As a consequence the trajectory should be surrounded by a corridor which entirely covers the permitted movements of the vehicle. Cover segments (1.b) are elementary forms which build up a corridor. The test for conflict (1.c) will be based on the intersection of those segments with the geometric description of the environment. Therefore segments should have simple forms allowing for the application for standard algorithms for conflict detection. So, it remains to cope with the definition of cover segments (1.b) which will be elaborated in subsequent steps: 1.b.1: extreme curves: certain positons of the truck and the trailer determine the necessary space of the vehicle pursuing the trajectory 1.b.2: covering segments: the test for conflict (1.c) demands for simple covers, therefore two elementary geometric forms are introduced to cover the extreme curves 1.b.3: safe cover segments: due to technical and structural deficiencies a real vehicle deviates form the prescribed trajectory, therefore the covering segements are enlarged to a size guaranteing that a vehicle never leaves this predefined area 1.b.4: safe corridor a simple construction rule defines how safe segments are put togeteher for a safe corridor This paper starts with the model of a vehicle and the basic trajectories which can be pursued by a truck with a oneaxle trailer (section 2). In the sequel the concept of safe motion planning based on extreme curves (section 3), cover segments (section 4), and safe cover segments and the contruction rule for a safe corridor (section 5) is developed. The paper closes with the assessment of this approach in the context of transport automation in the scope of logistics centers (section 6).
II. Trajectories for maneuvers
There is a high degree of freedom for driving truck and trailer from a certain starting position to a final position. Ingenious ideas to reduce this degree of freedom also reduce complexity. So, the central idea is to maneuver truck and trailer along a trajectory based on polygons from a starting position to a final position.
More accurately the task is to apply a control algorithm to make the entire vehicle follow a straight line and then turn to a subsequent line. Turning the vehicle means in detail to start a certain maneuver on a line with direction φ 1 and to terminate this meneuver when the subsequent line with direction φ 4 is reached (see figure 7) .
Due to the nonholonomic properties of a truck with a one-axle trailer this can be done in a sequence of three well defined maneuver phases (for the notations of lengths and angles see figure 2 depicting the so called bike-model which reduces an axis to one imaginary wheel in its middle). The following explains these phases in detail for φ 1 < φ 4 : 1-2 : The truck drives backward on a left circle with the steering wheels at the constant angle α = α max . This phase of the maneuver starts with γ = 0 and lasts until γ = γ circ which allows to proceed on a circle with a given radius rzk(α circ ) as described in formulas (1) and (2). Meanwhile the trailer turns right and changes its direction by an angle ∆φ 1−2 .
2-3 :
Instantaneously the steering wheels are turned to the angle α = −α circ for driving right on a sector of a circle with radius rzk(−α circ ). This phase which lasts until the trailer has changed its direction by the angle ∆φ 2−3 all parts of the vehicle move on circles with the same center.
3-4 :
The angle ∆φ 3−4 is gained by driving backward in the last phase with the steering wheels at an angle α = −α max . This phase starts with γ = γ circ and ends when the angle γ = 0 is reached, that is to say when the trailer is straight behind the truck again. Two different types of curves are used for the maneuver. In phase 2-3 every point of the truck or trailer move on circles with the same center. In this case the angle γ between truck and trailer is a function of the steering angle α:
More difficult are the curves for maneuver phase 1-2 and phase 3-4 and the extraction of the relevant sections. The derivation of these curves is based on a modification of the classical tractrix problem. The point of traction for the trailer is the coulping device zk which moves on a circle during phase 1-2 and 3-4. This movement is proportional to angle u (see figure 2 ). As these phases are used to manipulate the angle between truck and trailer it is necessary to derive the function γ(u, α) (see [7] ):
The movement of the trailer represented by its axis aa can easily be computed from γ (u, α) . This approach based on a special tractrix yields a set of closed formuls -in contrast to other approaches -for standard vehicles with one-axle trailer, including semitrailers.
III. Extreme curves of the moving vehicle
The bike model, as introduced in section 2, is no longer sufficient for the derivation of the surrounding space for a moving vehicle. For reasons of simplicity the shape of a truck or a trailer is given by a rectangle. Even if there exist several axis with fixed wheels only one -possibly imaginary -axis with fixed wheels is assumed. For the truck there exists one axis with steering wheels at some angle α. For the trailer the front end of the dolly has the same function, given by angle γ.
In the given context the cover is defined by a mapping of any point of a given shape of the truck or the trailer to the surface. Let shape(t) be the shadow of some vehicle at time t, then the cover for some time interval [t 1 , t 2 ] is:
The shape of the truck and the trailer depends on several groups of parameters:
• the configuration at some time t is the Karthesian prod-
, the direction β of the truck and the angle γ between truck and trailer. By formula (3) these parameters depend on angle u whereas for constant velocity of the truck u has a linear dependency to t. Therefore the configuration is defined as a function of time.
• the kinematic parameters K describe the kinematic properties of a truck with a one-axle trailer given by lza, lzk, and laa (here lza = 600mm, lzk = 660mm and, laa = 500mm).
• the shape parameters S = × k S k for truck and trailer, e.g. the breadth of the trailer.
For α(t) = 0, t ∈ [t 1 , t 2 ] the cover of the truck constitutes a rectangle. For other angles 0 < |α(t)| ≤ α max < 90
• the cover is rather irregular. At some time t the curvature
determines the cover of the truck. Positive curvature values indicate left curves and negative right curves.
Refering to the maneuver of the truck the curvature is constant in any phase. For the trailer it is only constant in phase 2-3 and steadily moving during phase 1-2 and phase 3-4. Furthermore the curvature jumps from phase to phase for truck and trailer (see figure 3) . Without loss of generality a left curve for the truck is considered lasting from time t 1 to time t 2 and α(t) > 0 for t 1 ≤ t ≤ t 2 . Based on these propositions the cover of the truck is defined by the initial shape shape(t 1 ), the final shape shape(t 2 ) and the movement of three extreme points for the truck (see figure 4 ):
• the right front corner zvr and the right back corner zhr of the truck • the point zal on the left side of the shape in prolongation of the fixed axis Let shape z (t) denote the movement of some position z of the truck over time t. With respect to the extreme points above these movements are essentially different:
• Under the precondition that rza(α(t)) is greater than half of the breadth of the truck the extreme point shape zal (t) will always move towards the same direction as shape za (t). Hence this point will also describe a left curve.
• The extreme points zvr and zhr may move on left but also on right curves. Their curvature may differ from the curvatures of the trajectories (see figure 3 ) not only in value and but also in sign. The direction depends on the curvature of za and its first derivative. This dependency is quite sophisticated and will not be elaborated in detail here. Instead, it is possible to bound these movements in the particular context of the three maneuver phases. Analogous considerations hold for the three extreme points of the trailer. In total there are always 6 extreme curves for the phases 1-2 and 2-3 as well as 9 extreme curves for phase 3-4, because the trailer changes from a right curve to left curve during this phase (see right circle in figure  3 ). The resulting cover is rather ugly (see figure 9 ) and absolutely unconvenient for subsequent testing for conflicts (1.c). Hence, it seems adequate to look for a simple form covering all extreme curves of the maneuver.
IV. Cover segments for extreme curves
For the vehicle to turn counterclockwise for some angle ∆φ = φ 4 − φ 1 the different phases of the necessary maneuver contribute different angles: 
The angles for the phases 1-2 and 3-4 are fixed and have the following values for our model-truck: ∆φ 1−2 = 3.84
• and ∆φ 3−4 = 2.93
• . The angle ∆φ 2−3 is scalable to gain the desired increase of angle for the vehicle. During phase 2-3 the whole shape moves on a circle with a unique center c 2−3 . So, there is the idea to cover all extreme points by a section of a ring with center c 2−3 . Furthermore this form should be enlarged in angle and breadth for additionally covering the extreme points of phase 1-2 and 3-4. In the sequel this form is called cover segment which is determined by a maximum radius rc max and a minimum radius rc min for its breadth and a pair of limiting angles ζ 1 and ζ 4 .
The angles ζ 1 and ζ 4 of the cover segment are determined by the maximum angle opened from the center c 2−3 to the extreme points at the beginning of phase 1-2 and to the end of phase 3-4. For the maneuver of the model-truck ζ 1 is determined by the right front corner of the truck zvr and ζ 4 by the right back corner of the trailer ahr.
The breadth of the cover segment depends on minimal and and maximum distances of extreme points to the center c 2−3 . Truck and trailer as well as any of the phases have to be considered separately. Furthemore for the trailer in phase 3-4 it has to be considered seperately if the direction of turn is right or left (see right circle in figure 3 Sometimes the extreme values of extreme points are constant during a phase, sometimes the minimal or maximal values are reached at the beginning or the end of a phase (final points in the table) and sometimes values are domiated (minimized or maximized) by values of some other column. However, there are also some sophisticated computations to determine or to bound rc max and rc min . Exemplary the bounding of ( * 2 ) is described here. It reflects the movement of extreme point aar of the trailer during phase 1-2. As the curvature at the end of phase 1-2 is higher than that of the subsequent circle (see left circle in figure 3 ) it follows that these points are nearer to the center c 2−3 than those of phase 2-3. To avoid the numerical computation of a minimal distance of aar(u) the bounding value ( * 2 ) due to the construction in figure 5 is used.
To sum up for the model-truck the values for the cover segment are the following: ζ 1 = 148.8
• , ζ 4 = 212.8
• , rc max = 2613mm, and rc min = 2075mm (see also the cover segment depicted by a dotted line in figure 9 ).
V. Safe cover segments
Up to this point the discussion has been purely analytical and describes the ideal behavior of a virtual vehicle. In contrast, the real model-truck represents a considerable value which has to be protected against damage caused by itself. Furthermore there is a real environment with real I/O devices and a control algorithms which has to cope with inaccuracies due to different reasons.
First of all there exists a sophisticated control algorithm for adjusting the whole vehicle to the precomputed trajectory. The results of this algorithm are satisfactory in that the deviations at end points of trajectories are rather low (less than ±15mm for the final position of the trailer and ±1.2
• in its direction). However, due to the combination of heuristics it is impossible to give an adequate estimation of the maximal deviation from the trajectory in between (see also [11] ).
Additionaly there are the usual deficiencies of practical control:
• Inaccuracies of the sensors, e.g. the laserscanner computing the position (x, y) and the direction β of the truck uses an algorithm which produces differences depending on its velocity and rotation.
• Inaccuracies of the actors, e.g. the tolerance of the the steering mechanics is at about 0.9
• .
• There is a significant time delay between the validity of the sensed data and the effects of control counteractions, e.g. up to 340ms for sampling the position and direction. Facing these problems it has to be explained what kind safety should be associated to the term safe cover segment. Due to the properties of the control algorithm the necessary On the other hand based on formula (3) it is possible to anticipate the potential movement for short time intervals and to trigger an emergency halt in the case that an undesirable situation may arise. Hence, the usage of safe cover segments is a means to describe the space of operation: a moving vehicle inside the safe cover segment is either moving forward or backward under the control algorithm or executing an emergency halt. So, shape(t) never leaves the corridor of safe cover segments. Driving backward and driving forward are not equivalent. After an emergency halt the truck and trailer can easily be adjusted to the trajectory again by a simple forward control algorithm. This kind of maneuvering is not optimal but corresponds to the typical human driving behavior. For the given control algorithm a tradeoff between the size of the safe cover segments and the number of (backwardforward) zigzag movements can be observed. An optimum has to be defined in the context of certain applications and may be found by a series of tests. The principle concern of this section is to derive the minimal size for safe cover segments.
The whole control system is time triggered and the control algorithm ca is executed in a major cycle every ∆t mc . For cycle i the sensor input SI i and the reference input RI i are the basis to compute the actuator output AO i :
The sensor data SI i constitutes an internal image (Kopetz calls it real-time image [12] ) of the technical system in progress. When SI i is used by algorithm ca it alrady has an age of at least ∆t p since being sampled by some input device. Additionally the values SI i are only some approximation of the real configuration C(t) at time
is associated with any configuration parameter C k (t) indication minmal and maximal configuration parameters which are capable at that time to produce the input sample SI i .
During the same control cycle i it has to be decided whether to execute an emergency halt or not. Let ∆t h be the necessary duration for stopping the vehicle. At time t ca the decision for an emergency halt has to be made when subsets of shape(t) leave the corridor of save cover segments in the time interval [t ca − ∆t p , t ca + ∆t mc + ∆t h ]. As the computation of shape(t) depends on the configuration all possible configurations should be considered. In a straight forward manner the algorithm would read as follows (see also figure 6 . This is done in a rather pragmatic way by considering the particular properties of the given model-truck. Equally it is not omitted to have a look at real trucks and trailers.
• When driving backward the velocity taken at the fixed axis za of the truck is at about 60−70mm/s, never reaching 80mm/sec. Compared to a real truck this corresponds to a velocity of 1m/s.
• The steering angle α is limited to 30
• by the mechanics of the model-truck.
• The angle γ between truck and trailer limited to 25
• by the length of the dolly and the breadth of the vehicle. When reaching this angle an emergency halt is triggered.
• The truck has standard dimensions, that is to say that lza * 1.5 is longer than the distance from the fixed axis of the truck to any point of the truck.
• The trailer has standard dimensions, that is to say that laa is longer than the distance from the axis of the trailer to any other point of the trailer.
• There is a standard relation between truck and trailer, that is to say that lzk > laa.
The essence of this coarse estimation is that no point of the vehicle ever moves faster than two times the maximal: v max < 160mm/s. With the time bound ∆t p + ∆t mc + ∆t h < 550ms the maximum distance for the perception of a critical situation and the subsequent emergency halt is less than 90mm. Putting it the other way: any margin > 90mm may be considered to find a good compromise between wasting maneuver space and boring zigzag movements of the vehicle.
For the construction of entire corridors a simple rule for the connection of subsequent safe cover segments has to be applied. The points of connection correspond to the points for starting and ending of the maneuver at certain distances from the intersecting lines of the polygon (see [10] ) and their direction is either given by the polygon or an arc around the center of the circle used for phase 2-3 (see figure 10) .
VI. Conclusion
In the scope of transport automation for logistics centers a corridor which is guaranteed to cover all movements of a vehicle constitues a valuable property. Equally it seem so be valuable that this corridor is composed of segments of a very simple form, particularly with respect to the idea to intersect these segments with other geometric forms which constitute the bounderies of the yard or represent some obstacle.
Furthermore safe cover segments are interleaved in a way that at any time there is exactly one segment which bounds the movement for the time interval ∆t mc + ∆t h . This invariant property simplifies the dynamic scheduling of safe cover segments in that only one segment has to be reserved for certain vehicles at a time. Thereby the potential of conflict is reduced and it seems realistic that a multitude of vehicles may operate concurrently an the yard of a logistics center.
Although the scope of this solution is reduced to the nonpublic traffic there are still a lot of problems to be solved. An important one is on adequate heuristics for the computation of feasible and optimized -in a sense which still has to be defined -trajectories based on polygons. Another important problem is on trucks with a two-axle trailers where up to now only prototype solutions are available.
VII. Appendix
The following sequence of figures shows the decisive steps to develop safe corridors for a standard situation: gaining some angle (here 22.5
• ) for truck and trailer. 
